The DNA base composition of 74 strains in the genera Rhodosporidium , Cystofilobasidium, and Rhodotorula were determined by reversed-phase high-performance liquid chromatography (HPLC). The relative standard error of nucleoside analysis was less than 100. The differences between the two values determined by the HPLC method and the Tm method were less than 100 in three strains determined in this study and less than 2%, with a few exceptions, compared with reference data.
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DNA base composition is a taxonomically important characteristics of yeast species. Direct or indirect methods of determining guanine plus cytosine (G + C) content have been reported (1) (2) (3) (4) (5) (6) (7) . Most investigators (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) ) use the thermal denaturation (Tm) method with the formula of MARMUR and DoTY (2) because the reproducibility of the Tm method, which was an indirect determination, was better than that of the direct method, e.g., UV absorption spectrum of the enzymatic hydrolyzate of DNA (5) . But different research groups found different values of G + C content for essentially the same DNAs, e.g. 39.8 mol 0 G + C was recorded for DNA from Candida diddensii UCD 48-23H by MEYER and PHAFF (8) and 37.8 mol % G + C by NAKASE and KOMAGATA (20) . That the accuracy of the Tm method is not so good as its reproducibility is inevitable in an indirect determination.
Recently, TAMAOKA and KoMAGATA (22) reported that the reversed-phase HPLC determination is a direct and precise method for determining the DNA base composition of some bacterial strains. The DNA base composition of several species of the basidiomycetous yeast genera Rhodosporidium and Rhodotorula was reported by NAKASE and KoMAGATA (17, 21) . After their studies, some species and many strains in these genera have been described, but their DNA base composition has not been studied.
In this paper, we determined the DNA base composition of a large number of strains in the genera Rhodosporidium, Cystofilobasidium, and Rhodotorula by the reversed-phase HPLC method.
MATERIALS AND METHODS
Yeast strains. We used 30 strains of six species in the genus Rhodosporidium, two strains of two species in the genus Cystofilobasidium, and 42 strains of 15 species in the genus Rhodotorula. The sources of these strains are shown in Table 1 .
Cultivation and harvest of cells. The culture medium used contained 3 g of yeast extract (Difco Labs., Detroit, Michigan, U.S.A.), 3 g of malt extract (Difco Labs.), 5 g of peptone, 10 g of glucose, and 1,000 ml of distilled water; the pH of this medium was adjusted to 8.0 to prevent the formation of extracellular polysaccharide (17). The yeasts were cultivated in 5-l flasks containing 11 of medium; incubation was for 48 to 72 hr at 20 or 27°C, with shaking. The cells were harvested by centrifugation at a low temperature and washed twice with saline-EDTA buffer (0.15 M NaCI, 0.1 M EDTA, pH 8.0). The harvested cells were stored in a freezer at -20 °C until they were used . Isolation and purification of DNA. Cells suspended in 1 to 2 volumes of 0.15 M NaCI plus 0.5 M EDTA, pH 8.0, were disrupted by a mechanical cell homogenizer (B. Braun, Melsungen, W. Germany) before the extraction of ]DNA (11) . DNA was isolated and purified according to the procedures of SAITO and MIURA (23) and BLIN and STAFFORD (24) with some modifications. For the enzymatic hydrolysis of RNA, ribonuclease T1 (Sigma Chem. Co., St. Louis, Mo., U.S.A.) was used together with ribonuclease A (Sigma Chem. Co.), and the RNA was digested two or three times.
Determination of DNA base composition. The DNA base composition was calculated from the relative amounts of nucleosides of peak areas on an HPLC chromatogram according to the procedure of TAMAOKA and KOMAGATA (22). Table 1 shows the G + C content of DNAs in 74 strains of the genera Rhodosporidium, Cystofilobasidium, and Rhodotorula. The differences between the two values determined by the HPLC method and the Tm method were less than 1 in the three strains determined in this study and less than 2%, with a few exceptions, compared with reference data. The value determined by the HPLC method was the mean of three different hydrolysates of the same DNA sample, with the relative standard error as shown in Table 1 . The relative standard error of the HPLC method was less than 100 for all determinations.
RESULTS
To confirm the uniformity of DNA, we determined the G + C contents of Rhodosporidium toruloides YK 201 (type strain), Rhodotorula rubra YK 1036 (type strain), and Rhodotorula hasegawae YK 124 (type strain) by the Tm method using the formula of MARMUR and DoTY (2), using the same DNAs as those used for the HPLC determination. As a result, the DNA preparations gave monophasic absorption curves (data not shown) and the G + C contents of strains YK 201, YK 1036, and YK 124 were 60.7, 59.0, and 54.8 mol % G + C, respectively.
G + C contents in the genus Rhodosporidium
The G + C contents of the strains in the genus Rhodosporidium examined ranged from 49.5 to 67.5 mol°0 G + C (Table 1) . Of the six Rhodosporidium species examined, five showed small intraspecific variations: 66.3-67.5 mol % G + C in Rhodosporidium infirmominiatum; 64.8-66.1 in Rhodosporidium diobovatum; 62.2-62.7 in Rhodosporidium sphaerocarpum, 57.8-58.9 in Rhodosporidium dacryoidum; and 49.5-49.9 in Rhodosporidium malvinellum. The G + C in strains of Rhodosporidium toruloides varied greatly within species and were divided into two groups: one group, with 59.3-60.5 mol 0 G + C, comprised seven mating type strains, YK 201 (type strain), YK 202, YK 207, YK 208, YK 211, YK 216, and YK 250 ; the other group, with 64.7-64.9mo1%G+C, comprised two self-sporulating strains, YK 218 and YK 219.
G + C contents in the genus Cystofilobasidium
The type strains of Cystofilobasidium bisporidiis and Cystofilobasidium capitatum had 64.1 and 59.2 mol 0 G + C, showing 3.2 and 2.6 mol % differences from those reported lby OBERWINKLER et al. (25) , respectively (Table 1) .
G + C contents in the genus Rhodotorula
The G + C in the strains in the genus Rhodotorula examined ranged from 48.2 to 67.1 mol°0 G + C (Table 1 ). Of the species in which more than two strains were investigated, Rhodotorula glutinis, Rhodotorula graminis, and Rhodotorula araucariae exhibited large intraspecific variations with G + C contents of about 16.2, 5.0, and 15.4 mol%, respectively. On the other hand, Rhodotorula fujisanensis, Rhodotorula pilimanae, Rhodotorula rubra, Rhodotorula lactosa, Rhodotorula aurantiaca, Rhodotorula pallida, and Rhodotorula minuta had small intraspecific variations.
The 55.7 mol 0 G + C of Rhodotorula hasegawae, to which only the one strain YK 124 was assigned, was 5.7 mol°0 more than the 50.0 mol°0 reported by NAKASE and KoMAGATA (17). Since the difference by the two methods was rather large in this case, we repeated the determination with the same DNA that was used for the HPLC determination, by the Tm method using the formula of MARMUR and DoTY (2) for which NAKASE and KoMAGATA (I7) used. This way, the DNA preparation gave a monophasic absorption curve and strain YK 124 had '54.8 mol°0 G+C. VOL. 32
DISCUSSION
The DNA base compositions determined by the HPLC method agreed well with those determined by the Tm method in this study and those in the references, as shown in Table 1 . The relative standard errors of the determinations were from 0.1 % to 0.9%, as calculated from the data of three different hydrolysates from the same DNA sample. Thus, the HPLC method had high reproducibility in this study.
Non-nuclear DNA contaminating sample DNA could not be distinguished on the chromatogram. TEWARI et al. (26) reported that the mitochondrial DNA usually could not be collected on a glass rood. NAKASE and KoMAGATA (11) also reported that contamination with non-nuclear DNA was avoided by using highly polymerized DNA spooled around a glass rod from cultures in the logarithmical phase. Since we prepared the DNAs spooled around glass rods from the cultures of logarithmical phase, the DNA samples used in this study were considered to be uncontaminated with non-nuclear DNAs. The DNA from Rhodosporidium toruloides YK 201, Rhodotorula rubra YK 1036, and Rhodotorula hasegawae YK 124 purified as described did not show dimorphic absorption curves. Moreover, the differences between the values determined by the HPLC method and the Tm method in this study were less Than 1 %, and less than 2% with a few exceptions when compared with reference data. Therefore, we consider that the DNAs used in this study are free from the non-nuclear DNAs. Thus, to prevent contamination with non-nuclear DNA during base composition determination by the HPLC method, the test material should be taken from cultures in the logarithmic phase and the DNA should be spooled around glass rods.
Five of the species of Rhodosporidium, i.e., Rhodosporidium infirmominatum, Rhodosporidium diobovatum, Rhodosporidium sphaerocarpum, Rhodosporidium dacryoidum, and Rhodosporidium malvinellum, were considered to be well-defined species because they showed little intraspecific variation and apparently differed from one another in G + C content.
But the strains of Rhodosporidium toruloides were clearly divided into two groups based on the G + C content. The seven strains with 59.3-60.5 mol % G + C are mating types and have the Q-9 ubiquinone system (27). On the other hand, the two strains with 64.7-64.9 mol % G + C are self sporulating (28) and have the Q-10 ubiquinone system (29). YAMAZAKI and KoMAGATA (30) reported that the selfsporulating strains YK 218 and YK 219 in Rhodosporidium toruloides had patterns of enzymes different from the mating type strains, and that the two strains could be included in Rhodosporidium sphaerocarpum based on the shape of their teliospores, but they were excluded from this species because of the differences in their enzymatic patterns. These self-sporulating strains had the same Q-l0 system as the strains of Rhodosporidium sphaerocarpum (27) but differed from them in the G + C content. Therefore, they were not considered to be related to either the mating type strains of Rhodosporidium toruloides or the strains of Rhodosporidium sphaerocarpum.
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Cystofilobasidium bisporidiis and Cystofilobasidium capitatum had similar cellular carbohydrate composition and the same Q-8 ubiquinone system, but they were distinguished from each other by the G + C content. The result from the G + C content correlated to that from the clustering based on the similarity values of electrophoretic mobilities of enzymes (31), indicating that these two species were clearly separated from each other.
The strains of Rhodotorula fujisanensis, Rhodotorula pilimanae, Rhodotorula rubra, Rhodotorula lactosa, and Rhodotorula aurantiaca were considered to be a respectively homogeneous taxonomic group, because of small intraspecific variations in the G + C contents and the formation of the respective clusters on the basis of the similarity values of electrophoretic mobilities of enzymes (31).
Rhodotorula pallida and Rhodotorula minuta had small intraspecific variations in the G +C contents. NAKASE and KoMAGATA (17) reported that Rhodotorula pallida and Rhodotorula minuta were closely related because of similar G + C contents in their DNAs and the requirement of p-aminobenzoic acid. In the previous paper (31), we reported that, considering the overall similarity of the enzymes, the strains of Rhodotorula pallida were divided into two subclusters, 2-1 and 2-2 of cluster 2 of the strains with the Q-10 system, at a 28°c similarity level; that the strains of Rhodotorula minuta were divided into three subclusters within the species; and that strain YK 160 of Rhodotorula pallida was included with the Rhodotorula minuta strains in subcluster 2-2 of cluster 2 of strains with the Q-10 system. Further biochemical investigations will be required to define Rhodotorula pallida and Rhodotorula minuta and to clarify the relationship between them.
Rhodotorula glutinis, Rhodotorula graminis, and Rhodotorula araucariae were confirmed to be heterogeneous with respect to the G + C contents in their DNAs. In the previous work (31), we reported heterogeneity of the three species through numerical taxonomy based on the electrophoretic mobilities of enzymes.
The strains of Rhodotorula glutinis were separated into four clusters based on the overall similarity of the enzymes studied (31). The strains included in subcluster 3-2 of cluster 3 of the strains with the Q-10 system, YK 114, YK 115, and YK 116, had 60.4-61.0 mol 0 G + C. One of the two strains included in subcluster 3-3 of cluster 3, YK 102, had 64.8 mol % G + C. The two strains included in cluster 6, YK 112 and YK 113, had 50.9-51.5 mol 0 G + C. The strains included in cluster 4, were divided into two groups with respect to the G + C contents in their DNAs; strains YK 106, YK 107, and YK 109 had 60.1-62.8 mol% G+C; strains YK 111 and YK 1017 (type strain) had 66.1-67.1 mol% G+C.
The strains of Rhodotorula graminis were divided into two subclusters at a 37°c similarity level (31). Stratin YK 119, one of the two strains included in one subcluster, had 62.0 mol % G + C, while strain YK 121 (type strain) in the other subcluster had 67.0 mol 0 G + C.
The strains of Rhodotorula araucariae were divided into two subclusters at a 28°c similarity level (31). Strain YK 161 included in one subcluster had 63.9 mol G + C, while strain YK 162 in the other subcluster had 48.5 mol 0 G + C.
Thus, we confirmed that the clustering based on the overall similarity of the enzymes studied (31) was congruent with the G + C content in the DNAs. The results of the G + C contents and numerical taxonomy based on the electrophoretic mobilities of enzymes, indicate that the strains of Rhodotorula glutinis, Rhodotorula graminis, and Rhodotorula araucariae should be reidentified.
The G + C content of 66.9 mol % of Rhodotorula sinensis was determined for the first time in this study. The taxonomic relationship between Rhodotorula sinensis and Rhodosporidium infirmominiatum was suggested on the basis of their identical Q-8 ubiquinone systems (27, 29) , the similarity of their enzyme patterns (30, 31) , and the presence of xylose in their cells (29) . We found that the G H-C content was similar in the strains of the two species. Our result supported the suggestion of the close relationship between the two species.
The G + C content of Rhodotorula hasegawae reported by NAKASE and KoMAGATA (17) differed greatly from the values determined by both the HPLC method and the Tm method in this study. Since the difference between the two values determined by both methods in this study was only about 100, we considered the G + C content of Rhodotorula hasegawae to be 54.8-55.7 mol °,, G + C.
As shown above, the HPLC method for determining the DNA base composition in yeasts has the advantages of good accuracy and high reproducibility. Moreover, when the DNA base composition is to be determined in a large number of strains, the HPLC method has the advantage that one determination takes only 8 mm. 
